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apparatus to the plasma membrane, independently of upregulation or phosphorylation of Cx43. 24 In cardiomyocytes, cAMP or stretching enhances accumulation of Cx43 at cellcell contacts following translocation of N-cadherin, and gene transfer of dominant negative N-cadherin attenuates Cx43 translocation, suggesting that the Cx43 translocation to GJs is regulated downstream of N-cadherin. 25, 26 In the ischemic heart, protein kinase C (PKC) increases phosphorylation at serine-368 of Cx43, which promotes retention at intercalated discs despite extensive lateralization of Cx43. 27 The PKC and cAMP-dependent protein kinase A pathways lie downstream of α-and β-adrenoceptors (ARs), respectively. In IMO rats, c-fos and other immediate genes are induced in the heart via the α-AR/extracellular-signal regulated kinase (ERK) and β-AR pathways. 28, 29 Recently, we reported that IMO enhances Cx43 translocation to intercalated discs, thereby attenuating vulnerability to lethal arrhythmias in rats via enhancement of GJ coupling. 30 We also found that transient ischemia conferred by coronary occlusion induces Cx43 translocation to intercalated discs, thereby promoting propagation of myocardial contraction bands during reperfusion in the rat heart. 31 In this study, we investigated the contribution of α-and β-ARs to the IMOinduced translocation of Cx43 to intercalated discs in rats, with reference to ischemia. 31 
Methods

Animal Experiments
The study protocol was approved by the Institutional Animal Care and Use Committee of the University of Tokyo. Sixweek-old male Sprague-Dawley rats were immobilized in a supine position by securing them to a board without anesthesia. Control rats were allowed free movement (F). Telemetry transmitter devices (Data Sciences International, St. Paul, MN, USA) for ECG monitoring were implanted 7 days before the IMO experiment.
In the time course study, rats were immobilized for 0, 10, 30, 60 and 120 min (n=10 for each). In the blocker studies, rats were pretreated with 1 of the AR blockers or a nitric oxide (NO) donor before IMO for 60 min. The α1-AR blockers prazosin (1 mg/kg) and bunazosin (4 mg/kg) or the β1+2-AR blocker propranol (1 mg/kg) were administered through a gastric tube starting 60 min before IMO. The β1-AR blocker metoprolol (10 mg/kg) was administered intraperitoneally, and a NO donor, isosorbide dinitrate (ISDN: 100 μg · kg -1 · min -1 ) was infused intravenously, both starting 10 min before IMO and continuing until the end of the experiment. Rats were assigned randomly to 1 of the following groups: F (freemoving = control), F + prazosin, F + bunazosin, F + propranolol, F + metoprolol, or F + isosorbide dinitrate; IMO, IMO + prazosin, IMO + bunazosin, IMO + propranolol, IMO + metoprolol, or IMO + isosorbide dinitrate (n=4 for each). Premature ventricular contractions (PVCs) were monitored and analyzed using an ECG processor (Softron, Tokyo, Japan) during the study. 32, 33 At the end of the study, the rats were decapitated and hearts were rapidly removed and stored frozen.
Subcellular Fractionation and Western Blot Analysis
Isolated rat hearts underwent ischemia for 60 min, as previously reported. 34 Subcellular fractionation was performed as previously described. 34, 35 Heart homogenate was centrifuged at 1,000 × g for 10 min and the supernatant was spun at 100,000 × g for 60 min. The 1,000 × g pellets, 100,000 × g pellets, and 100,000 × g supernatant are referred to as the P1, P2, and S fractions, respectively. The P1, P2 and S fractions were enriched in myofibrils and nuclei, membrane, and cytosol, respectively. 31 Protein concentrations were determined using a Coomassie Protein Assay Kit (Pierce, Rockford, IL, USA). After SDS-PAGE on 12.5% gels for Cx43 and actin, on 7.5% gels for hypoxia-inducible factor (HIF)-1α, and on 6.5% gels for N-cadherin (each 5 μg per lane), western blotting was performed using antibodies to total Cx43 (71-0700, Zymed-Invitrogen, Carlsbad, CA, USA), N-cadherin 
Immunofluorescence Analysis
Immunofluorescence analysis was performed as previously described, 30,31 using anti-Cx43 antibody or anti-N-cadherin antibodies (BD Biosciences) diluted 1:500 each. 
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Dye Transfer Assay in Heart Sections
The GJ intercellular communication (GJIC) activity of each section was evaluated according to previous reports. 30,31 Transverse sections of the heart were excised from the apexes. The upper surface of the transverse section was cut linearly in the anterior to posterior direction and immediately immersed in Hank's balanced buffer solution containing 2.5 mg/ml of Lucifer yellow (LY) and 2.5 mg/ml of dextran-rhodamine (DR) at 25°C. After 2 min of incubation side by side, the sections were washed with phosphate-buffered saline, embedded in OCT compound (Sakura Finetek, Torrance, CA, USA), and frozen. The sections were cut perpendicular to the cut surface. FITC (LY) and TRITC (DR) fluorescence images were obtained from the same field under a fluorescent microscope (×40), and the distances of LY and DR diffusion were measured at 5 points on the same section using Image-Pro Plus image analysis software (Media Cybernetics, Bethesda, MD, USA).
Statistical Analysis
Data are expressed as the mean ± standard deviation (SD) in 
Results
We examined the IMO-induced temporal changes in the level of Cx43 in the P2 (membrane) fraction, which contains GJs 30,31 (Figure 1) . The Cx43 level relative to that of Ncadherin, an intercalated disc (adherens junction) protein, increased and reached a peak at 60 min, before returning to the baseline level by 120 min. Change in the phosphorylation state was not apparent. Neither N-cadherin nor actin expression altered during the course of IMO (Figure 1 ). In our previous reports, we showed the redistribution of Cx43 from the P1 fraction to the P2 fraction during IMO. 30 In the subsequent experiments, we show data on the Cx43 translocation to the P2 fraction at 60 min of IMO, unless otherwise specified.
We then examined the effects of α-and β-AR blockers on Cx43 translocation after IMO (Figure 2) . The α1-AR blockers prazosin and bunazosin blunted the Cx43 translocation observed in IMO (Figures 2A,B) , but neither the β1+2-AR blocker propranolol nor the β1-AR blocker metoprolol had an effect (Figures 2C, D) . None of these agents was effective in the F rats. These results suggest that α1-ARs, but not β-ARs, are involved in Cx43 translocation induced by IMO.
As we previously reported, IMO for 60 min increased Cx43 immunofluorescence at intercalated discs ( Figure 3A) , and enhanced GJIC activity using a dye transfer assay ( Figure 3B) . 30, 31 We previously confirmed that the ratio of the distance of LY transfer to that of DR transfer reflects the GJIC, as the DR transfer did not differ between samples in a given experimental setting. 30 The GJIC is expressed as the mean LY/DR ratio in IMO with or without blockers to those in the paired F rats. Prazosin, but not propranolol, inhibited both the increase in Cx43 immunofluorescence at intercalated discs ( Figure 3A) , and the GJIC activity after 60 min of IMO ( Figure 3B) .
Because stretch enhances Cx43 trafficking to termini of longitudinal cardiomyocytes, 26 an increase in blood pressure (Table) might have contributed to Cx43 translocation in IMO. Rapid electrical stimulation (tachycardia) also increases the Cx43 level in cardiomyocytes. 20 In the present study the β-AR blockers attenuated the IMO-induced increase in blood pressure and heart rate to a much greater extent than the α-AR blockers (Table) . However, because the Cx43 translocation in IMO was inhibited by α-AR blockers, but not by β-AR blockers, the increase in either blood pressure or heart rate are unlikely to cause the Cx43 translocation during IMO.
We recently reported Cx43 translocation in transient myocardial ischemia conferred by coronary occlusion, 31 and that finding led us to examine whether IMO induces Cx43 translocation through α1-AR-medicated vasoconstriction and myocardial ischemia. The NO-donating vasodilator, ISDN, inhibited Cx43 translocation in IMO ( Figure 5) . However, ISDN also suppressed the release of norepinephrine and epinephrine in the blood of rats after IMO (Table) . Given that NO inhibits sympathetic nervous activation and norepinephrine release, 36 the inhibition by ISDN of Cx43 translocation could be explained at least partly by inhibition of the sympathetic nervous system.
As a different approach to addressing whether ischemia is involved in the Cx43 translocation in IMO, we next examined the proteins that have been shown to redistribute in ischemia. 37 We confirmed that ischemia for 60 min induces translocation of HIF-1α from the S (cytosolic) fraction to Representative western blotting and quantification of HIF-1α levels (mean ± SE, n=4 each), respectively, during IMO. Isolated rat heart was perfused and underwent ischemia (I) for 60 min. *P<0.05 vs free-moving (F) rats. α-AR-Dependent Cx43 Translocation in Restraint Stress the P1 (nucleus-enriched) fraction in the isolated perfused rat heart (Figure 6) . 38 However, IMO did not induce translocation of HIF-1α to the P1 fraction 34,35 (Figure 6 ). Additionally, ischemia but not IMO induced heat shock protein 27 (HSP27) translocation to the P1 fraction in the isolated heart (data not shown). 39 In this study, we used isolated perfused hearts for ischemia, because coronary occlusion can induce sympathetic coronary vasoconstriction. 40 On the other hand, coronary occlusion induces Cx43 translocation followed by dephosphorylation and reduction after 60 min. 31 However, IMO induced Cx43 translocation, but not dephosphorylation, before the return of Cx43 in the P2 fraction to its basal level during the 2-h course of IMO. Collectively, these results indicate that IMO induces Cx43 translocation independently of ischemia.
PVCs were increased during 0-60 min of IMO (Figure 4) . The β1+2-AR blocker propranolol and the β1-AR blocker metoprolol reduced the frequency of PVCs (Figure 4) , but the α1-AR blockers, prazosin and bunazosin, had no effect. These results suggest that β-ARs, but not α1-ARs, are involved in the genesis of PVCs in IMO.
Discussion
Translocation of Cx43 via α1-ARs
This study provides the first evidence that IMO induces Cx43 translocation to GJs via α1-ARs, independently of ischemia. We found an increase in Cx43 relative to N-cadherin in the GJ-rich membrane fraction, with a peak at 60 min (Figure 1) . 30 In cardiomyocytes, N-cadherin accumulation at the longitudinal cell termini precedes Cx43 accumulation, and the transfer of dominant negative N-cadherin inhibits Cx43 translocation in response to stretch or cAMP. 25,26 However, IMO did not increase N-cadherin (relative to total protein or actin) before the increase in the Cx43 level in the GJ-enriched fraction (Figure 1) .
Recently, we showed that IMO increased the translocation of Cx43 from the P1 fraction to the P2 fraction, 30 enhanced Cx43 immunofluorescence at intercalated discs, and increased GJIC after IMO (Figure 3) . 30 These changes were inhibited by the α-AR blockers, but not β-AR blockers (Figures 2,3) . Because the P1 fraction contains sarcoplasmic reticulum (SR) marker, 31 IMO may induce trafficking of Cx43 from the SR to the GJs. However, there is no inhibitor available for an in vivo study on trafficking. Additionally, Cx43 expression in the SR can be only detected in cells by overexpression of green fluorescent protein-labeled Cx43 under microscopy. 26 Therefore, further study with a new methodology is required to address the mechanism underlying Cx43 translocation to GJs.
There are several reports on the α-AR or β-AR stimulantdependent increase in Cx43 mRNA and protein in cardiomyocytes. 16,17, 41 However, IMO did not increase the levels of Cx43 mRNA and protein. 30 Our results provide the first demonstration of α-AR-dependent Cx43 translocation to GJs in IMO rats (Figures 2,3) . On the other hand, N-cadherin translocation is required for cAMP-dependent Cx43 translocation to the GJs, 25,26 but was not observed in the present IMO rats (Figure 1) . Additionally, Cx43 translocation to the GJ-rich (P2) fraction in IMO rats was not inhibited by the β-AR blockers (Figure 2) , even though cAMP is the downstream messenger of the β-AR pathway. 25 These findings suggest that IMO induces Cx43 translocation to the GJs through a α-AR, but not β-AR, cAMP-dependent proteinkinase pathway. The discrepancy in results may be derived from the difference in the time course (1 vs 24 h) and experimental setting (in vivo IMO vs in vitro stretch). Further study with the IMO model, but not in vitro study, is warranted for better understanding of the mechanism underlying sudden arrhythmic deaths under the influence of emotional stress.
Other signaling molecules involved in Cx43 upregulation have been also studied. In cardiomyocytes, ERK, p38 mitogen-activated protein kinase (MAPK), Jun N-terminal kinase (JNK), and c-fos were involved positively in Cx43 upregulation by the α-AR stimulant, phenylephrine, 17 whereas JNK and the Na + /H + -exchanger were involved negatively. 42 Those studies did not refer to Cx43 translocation, and our study did not detect upregulation of Cx43 during IMO.
We previously reported that IMO enhances rapid activation of ERK, but not p38 MAPK or JNK. 28, 29 The Cx43 translocation 30 and ERK activation 29 in the IMO rats were inhibited by α-AR blockers, but not by a β-AR blocker, suggesting involvement of ERK in Cx43 translocation. The lack of availability of an in-vivo ERK/MEK inhibitor currently prevents further study of this mechanism.
In the ex vivo ischemic heart, PKC-dependent phosphorylation of Ser368 promotes Cx43 retention in GJs, despite extensive lateralization of dephosphorylated Cx43. 27 We recently found that coronary occlusion induces translocation of phosphorylated Cx43 to intercalated discs, with a peak at 30 min, followed by dephosphorylation and lateralization after 60 min. 31 IMO neither induced Cx43 dephosphorylation nor lateralization during 2 h of IMO (Figure 1) . 30 The PKCdependent retention of Cx43 in GJs in association with ischemia appears to contradict our findings of Cx43 translocation during IMO.
Ischemia Does Not Underlie Cx43 Translocation During IMO
Given that α1-AR stimulants induce vasoconstriction, IMO may induce Cx43 translocation through myocardial ischemia via α1-AR-mediated vasoconstriction. Consistent with this, the NO-mediated vasodilator (ISDN) inhibited Cx43 translocation in IMO rats ( Figure 5) . However, the NO donor suppressed the catecholamine surge during IMO (Table) . Because NO inhibits sympathetic nervous activation, 36 the NO donor may suppress Cx43 translocation through sympathetic nerve inhibition, rather than by attenuation of vasoconstriction and myocardial ischemia. Therefore, another approach was required to address the contribution of ischemia to Cx43 translocation. We examined 2 proteins that are known to redistribute in ischemia. In contrast with the translocation in ischemia, IMO did not induce the redistribution of either HIF-1α (Figure 6 ) or HSP27 (data not shown) from the S fraction to the P1 fraction. After increasing, the Cx43 level in the GJ-rich fraction returned to the basal level, without dephosphorylation, during IMO (Figure 1) , whereas Cx43 underwent dephosphorylation before downregulation during ischemia. 31 Collectively, these results indicate that IMO induces Cx43 translocation independently of ischemia.
Clinical Implication
We previously reported that after pretreatment with GJ inhibition, IMO induced lethal VT and ventricular fibrillation (Vf) in rats with marked QRS prolongation, and increased the frequency of PVCs. 30 The α1-AR blockers did not increase the frequency of either PVCs or VT/Vf in the IMO rats (Figure 4) . Note that the α1-AR blockers reduced the Cx43 level in GJs (Figure 2) , the Cx43 immunofluorescence at intercalated discs, and GJIC, but not to less than the basal level (Figure 3) . These findings suggest that a reduction in UNUMA K et al.
GJIC to a subnormal level and a ventricular conduction delay (GJ coupling) are required for the induction of VT/Vf. On the other hand, catecholamine promotes spontaneous Ca 2+ release or leakage from the SR, thereby triggering the delayed afterdepolarization and triggered activity (non-GJ substrates) that underlie VT/Vf in heart diseases. 43 The catecholamine surge during IMO ( Table) supports the hypothesis that IMO induces VT/Vf when such non-GJ arrhythmic substrates emerge under subnormal GJ coupling, despite enhanced coupling by Cx43 translocation. 30 Consistent with this hypothesis, it is known that restraint induces sudden death in excited persons with heart diseases, 1 which is associated with Cx43 remodeling. [10] [11] [12] [13] [14] [15] Data from the past several decades indicate that β-AR blockers remain among the very few pharmacologic agents that reduce the incidence of sudden cardiac death and arrhythmias in patients with cardiac diseases. 44 Our findings may support the hypothesis of the anti-arrhythmic effects of β-AR blockers, possibly through the suppression of non-GJ substrates. This hypothesis is under investigation. Finally, α-AR blockers may not be recommended in cardiac arrhythmias related to emotional stress, with respect to the anti-arrhythmic effect of Cx43 translocation. 30 
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